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Summary 
A simple, cost effective, and time-saving microfabricated electrochemical electrodes have 
discussed in this study. The potentiometric and amperometric method have used for the 
measurement. The characterization of the electrodes done and were applied directly into the live 
plant. The developed electrodes could be beneficial for the plant researchers to assess the plant 
within short time in the field.  
 
Chapter 1: General introduction   
The salinity area in the world is around 6.4% [1]. The soluble salts of the saline soil are 
inhibiting the growth of the most crops [2]. High salinity in the soil brings a huge loss of the 
productivity of the crops. Experiments have been done in many fields and laboratories to 
investigate plant growth and yield against different level of salts. Conventional techniques like 
spectrophotometry, electric conductivity meter (EC meter), genotypic analysis etc. have been used. 
However, they are expensive, time- consuming, require large volume of samples, complex sample 
preparation processes, laboratory based and evaluation bias due to the manual sampling. 
Therefore, a simple, time-saving, and inexpensive ion-selective electrode are needed. 
Dissolved oxygen is one of the most important parameters for understanding of the mechanism 
of the nitrogen fixation in rice plant. To increase the production of rice without the application of 
chemical fertilizers, the nitrogen fixing mechanism in rice plant needs to be improved urgently. 
But, the nitrogen fixing mechanism is completely depends on the nitrogen fixing bacteria. This 
nitrogen fixing bacteria can survive in the soil of the root system in presence of the oxygen. 
Therefore, the information of dissolved oxygen concentration in the rice root and its parts at 
various points of the technological line is essential for developing a sustainable agriculture system.  
Now-a-days one of the main challenges is the development of methods to perform the rapid both 
laboratory and filed based analyses. These methods must be sensitive and accurate, and able to 
determine various substances with different properties in ‘real-life’ samples. Electrochemical 
sensors are ideally suited for these new applications, due to their high sensitivity and selectivity, 
portable field-based size, rapid response time and low-cost. Since many electrochemical sensors 
were conducted on the clinical analyses in a clinical chemistry laboratory but the analysis of the 
compounds from the live plant is less studied. Therefore, a simple, time-saving, and cost-effective 
ion-selective electrodes and the Clark-type oxygen electrodes were fabricated for the plant 
application.  
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Fig. 1 Construction of the microfabricated ISE. (a) top view. (b) exploded view, and (c) cross-
section along x-x’ direction. 
Chapter 2: Disposable Na+-ion-sensing device for research on salt-tolerant plants 
The concentration of Na+ ions are directly related to salt tolerance of plants and can be used for 
screening [3]. To measure Na+ ion concentration in plants, atomic absorption spectrophotometry 
[3], flame photometry [4], plasma spectrometry [5], and 23Na-NMR microscopy [6] are used. 
However, these techniques are invasive and need an expensive instrument and expertise. On the 
other hand, as a simple method carried out using an inexpensive portable instrument, conductivity 
measurement was often done. However, this method is not specific because all ionic species 
contribute to the conductivity. To solve these problems, glass capillary ISEs are used for the 
measurement of Na+ ion concentration within plant cells [7-9]. However, a problem is that the 
preparation of the ISEs needs expertise, collection of materials and reagents, and special 
instruments. If there is a completed inexpensive disposable device used to measure Na+ ion 
concentration and the user can start measurement immediately, it will surely be of great help and 
accelerate researches in the fields. In this study, we developed such a Na+ ion-sensing device and 
demonstrated direct measurement of Na+ ion concentration using Welsh Onion as a model plant. 
The microfabricated Na+ ion-sensing device consisted of a Na+ ISE and a RE (Fig. 1). The device 
was constructed with stacked polyimide and PVC layers with electrodes and solution reservoirs. 
Two sets of circular Ag/AgCl electrodes and concentric platinum electrodes were formed on the 
polyimide base layer. To realize such practical devices, stability during storage and reliability of 
measurements is critical. In microfabricated electrochemical sensing devices of this kind, a 
determinative factor for lifespan is Ag/AgCl electrodes used to measured potential difference. We 
used a thin-film Ag/AgCl electrode structure with a protecting layer along with an additional 
electrode to grow AgCl in situ before the measurement [10]. The concentric platinum electrodes 
were used to grow AgCl additionally after the device was completed. A positive photoresist was 
used for insulation and three pinholes of 40 μm in diameter were formed on each silver electrode. 
The electrodes were formed by a thin-film process. An ion-selective membrane was formed by 
injecting a mixture containing bis(12-crown-4) (ionophore), 2-nitrophenyloctyl ether (NPOE), 
sodium tetraphenylborate, and PVC powder dissolved in tetrahydrofuran (THF) into a through-
hole (diameter: 1 mm) of in the PVC top layer and curing it. The bottom of the through-hole was 
closed with a sticky note paper before injection, which was removed after the membrane was 
formed. The top PVC layer with the ion-selective membrane and the through-hole for the liquid-
junction of the RE was bound to the second polyimide layer. The liquid junction for the RE was 
made by injecting a heated 2% agarose solution containing a 1.0 M KCl solution into the other 
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through-hole of the PVC layer without the ion-selective membrane. Finally, a 1.0 M KCl solution 
was injected into the reservoirs for 
the ISE and the RE as internal 
electrolyte solutions 
As a reliable device that can be 
used for a comparative study, a 
Na+ ISEs was also made with a 
glass capillary (end inner 
diameter: ~1 mm) by the 
conventional method. To form the 
ion-selective membrane, the end of 
the glass capillary was immersed 
in the same mixture containing the 
ionophore used for the 
microfabricated ISE. A Ag/AgCl 
electrode was made by immersing 
a silver wire in a 0.1 M KCl 
solution and growing AgCl on the 
surface by applying 250 μA for 10 min using a galvanostat. Finally, the glass capillary with the 
ion-selective membrane was filled with a 1.0 M KCl solution, and the Ag/AgCl wire was inserted 
there. The RE was fabricated in the same manner. The glass capillary was prepared as in the case 
of the ISE. An agarose gel (2%) containing 1.0 M KCl was inserted into the capillary, and a 1.0 M 
KCl solution was introduced into the glass capillary to complete the RE. 
The response profile of the microfabricated ISE was examined with the NaCl standard solutions 
(Fig. 2a). A solution was placed on the chip to cover the ion-selective membrane and the liquid 
junction. After the potential was stabilized, the solution was discarded, and the ion-selective 
membrane and the liquid junction were cleaned with distilled water and dried with a tissue paper. 
Then, the next solution was placed there. The same steps were repeated for all solutions. The 
potential of the both ISE was measured with respect to the corresponding RE using an 
electrometer. Na+ concentration was measured at several locations on the surface of the Welsh 
Onion using the microfabricated and glass capillary ISEs. 
Fig. 2b shows the relation between the measured potential and Na+ ion concentration of the 
microfabricated and glass capillary ISEs. As anticipated from the Nernst equation, a linear 
relationship was observed for both cases in the examined concentration range. The slope of the plot 
for the microfabricated ISE and the glass capillary ISE was +55.1 and +55.4 mV/decade, 
respectively, and was slightly smaller than the expected value at 25°C (+59.2 mV/decade). The 
 
     Fig. 3 Distribution of Na+ ion concentration in the Welsh Onion after immersing the root in 
100 mM NaCl solution. The Na+ concentration obtained at the various location of the stem with 
(a) the microfabricated Sodium ion-selective electrode, and (b) glass capillary sodium ion-
selective electrode. Time course of Na+ concentration measurement obtained with (c) the 
microfabricated sodium ion-selective electrode, and (d) glass capillary sodium ion-selective 
electrode. The lines are the guide for the eyes. 
 
 
 
Fig. 2 Characterization of the microfabricated ISE. (a) the 
response profile of the microfabricated ISE. (b) the 
calibration plots of the microfabricated ISE and   the 
glass capillary ISE. 
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values obtained with the two types of ISE were close, demonstrating that the microfabricated ISE 
along with the integrated RE can be used like the conventional ISE and RE made with glass 
capillaries.  
To demonstrate the applicability 
of our device, changes in the 
concentration of Na+ ions was 
directly measured at several 
locations of Welsh Onion after the 
root of Welsh Onion was immersed in 
a 100 mM NaCl solution (Fig. 3). Na+ 
ion concentration decreased as the 
location was distant from the root. 
The observed tendencies were very 
close between the microfabricated 
ISE and the glass capillary ISE. The 
results demonstrate that our 
microfabricated ISE can be used for 
direct measurement of Na+ ion 
concentration in live plants. Na+ ion 
concentration measured using the 
microfabriated ISEs agreed well with those obtained using the conventional ISEs made with glass 
capillaries.  
 
Chapter 3: Microfabrication of the 
type-I and type-II ion-selective 
electrodes 
The level of the ionic difference in 
the plant has been studied in the 
different point of the view. Because 
the maintaining of the ionic balance 
is important for increasing the crop 
growth and increasing the yield. 
Current agriculture demands 
continuous in-situ information of 
plant physical and chemical 
parameters, such as macro- and 
micronutrients, owing to modulation 
of the amounts of fertilizers to be 
added. Some commercial systems 
allow physical data to be obtained, 
but not much instrumentation has 
been developed to determine 
concentrations of key parameters 
such as nitrogen, phosphorus, sodium 
and potassium in the live pant. These 
and other parameters are normally 
obtained by off-line methods [11-15]; 
these methods provide some data of 
great accuracy and precision about 
the soil composition, but they do not 
allow to measure the ion 
concentration in the plant. For this 
purpose, needle-type sodium and 
Potassium ion-selective electrodes 
 
Fig. 4 Structure of the type-I ISE. (a) a top view. (b and 
c) cross section along the x-x’ and z-z’ direction, 
respectively. (d and e) single and multiple polyimide 
string on the palm of the hand.  
 
 
         
Fig. 5 The structure of the type-II ISE and RE. (a) The 
structure of the type-II ISE. The ion selective 
membrane was formed at the end of the needle. (b) a 
1.2 mm internal dimeter shape of the syringe needle 
(c) the structure of the type-II RE. The end of the 
syringe needle was filled with poly(HEMA) solution as 
liquid junction. 
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were fabricated. 
The structure of the type-I ion-selective electrode is shown in the Fig. 4. The type-I ISE device 
were formed with a polyimide film, silver, Ag/AgCl, a polyvinylpyrrolidone (PVP) layer containing 
an electrolyte, and a polyvinylchloride (PVC) layer act as a reservoir. The electrolyte layer was 
formed with 75% PVP solutions prepared by dissolving with 0.1 M NaCl for the sodium ion-
selective electrode and 0.1 M KCl for the potassium ion-selective electrode. For the reservoir, a 
66% PVC solution was prepared using tetahydrofuran (THF) as a solvent. A 0.8 cm length of one 
end of the silver was used for making the Ag/AgCl electrode. Similarly, the type-I RE fabrication 
was followed the type-I ISE fabrication method. The differences only, a 3 M KCl used for making 
the electrolyte layer and the ion-selective membrane was replaced with the liquid junction that 
was formed by the poly(2-hydroxyethyl methacrylate [poly(HEAM)] solution. 
The structure of the syringe needle-type 
(type-II) ISE and RE is shown in Fig. 5. The 
type-II ion-selective electrode and reference 
electrode consisted of a syringe needle 
(diameter: 0.9 mm) needle chamber, sharp end 
of the needle, a Ag/AgCl electrode, electrolyte 
solution and ion-selective membrane for the 
ion-selective electrode and liquid junction 
(poly(HEMA layer)) for the reference electrode. 
In forming an ion selective membrane and the 
liquid junction, the sharp end of the syringe 
needle was immersed in the ion-specific 
solution. To prepare the liquid junction, the 
sharp end of the syringe needle was immersed 
in the poly(HEMA) solution.  
The polyimide film was used for the 
electrode. The dimension of the polyimide film 
was 80 mm × 60 mm. The polyimide film was 
sandblasted using a sand blaster to make the 
surface rough to improve the adhesion of the 
metal to the polyimide film. The substrate was 
cleaned with tap water and acetone using a sonicator. Then, a 600-nm-thick silver was sputter-
deposited on the polyimide base layer. The silver-deposited substrate was diced into chips (80 mm 
long, 0.5 mm wide). Next, a protective layer was formed on the silver with a positive resist. To form 
the Ag/AgCl electrode and the contact pad of the electrode, the two ends of the silver were not 
insulted. The AgCl was grown in the 0.8 cm length exposed area of silver by applying a constant 
current (15 µA) for 10 min 
To complete the type-II sodium ion-selective electrode, the potassium ion-selective electrode, 
and RE the Ag/AgCl electrode, internal solution was introduced within the needle chamber. As for 
the internal solution, a 0.1 M NaCl solution for the sodium ion-selective electrode, a 0.1 M KCl 
 
Fig. 7. The measured ion concentration in the rice plant. (a) Na+, and (b) K+ concentration 
obtained with the type-I sodium and potassium ion-selective electrode (c) Na+, and (d) K+ 
obtained with the type-II sodium and potassium ion-selective electrode. 
    
Fig. 6 The characterization of the ISE. The 
calibration plot of the (a) type-I and (b) the 
type-II sodium ion-selective electrode. The 
calibration plot of the (a) type-I and (b) the 
type-II potassium ion-selective electrode 
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solution for the potassium ion-selective electrode, and a 3 M KCl for the reference electrode have 
been used. The internal solution was introduced within the syringe needle chamber (a 0.9 mm 
diameter shape) by using vacuum desiccator. 
The stability of the potential of the type-I and type-II reference electrode was checked in a 3.0 
M KCl solution. A commercial Ag/AgCl reference electrode (2060A, Horiba, Kyoto, Japan) was 
immersed there. A 3.3 M KCl solution was used for the internal solution of the commercial 
electrode. The potential settled at approximately 0 mV for the type-I and type-II reference 
electrodes, which are expected from the Nernst equation. The potential was stable for at least 12 h 
for the type-I RE and 20 h for the type-II RE. However, the potential gradually drifted in the 
negative direction (–2 mV) for the type-II RE and positive direction (+ 2 mV) for the type-I RE.  
The response 
profiles of the type-
I and type-II ISEs 
were obtained with 
NaCl and KCl 
standard solutions, 
respectively. The 
ion-selective 
membrane and the 
membrane of the 
RE was covered 
with one of the 
solutions. After the 
potential was 
stabilized, the 
solution was 
discarded and the 
ion-selective 
membrane and the 
poly (HEMA) 
membrane of the 
RE were cleaned 
with distilled water and dried with a tissue paper. Then, the next solution was placed there. The 
same steps were repeated for all solutions. Fig. 6 shows the relation between the measured 
potential and Na+ and K+ concentration of the type-I and type-II sodium ion-selective electrode and 
potassium ion-selective electrode with respect to the commercial and poly(HEMA) based reference 
electrode. As anticipated from the Nernst equation, a linear relationship was observed for both 
cases in the examined concentration range. The slope of the plot type-I and type-II sodium ion-
selective electrode and potassium ion- selective electrode (I have revised) were found slightly 
smaller than the expected value at 25°C (+59.2 mV/decade). The values obtained with the 
commercial RE were close, demonstrating that the microfabricated ISE along with the 
poly(HEMA) based RE can be used like the conventional ISE and commercial RE.  
The type-I and type-II ISEs were used for the measurement of the ions in the plants (Fig. 7). 
The Nipponbare rice variety was used for the experiment. Na+ ion concentration was higher in the 
roots than in the shoots. On the other hand, K+ ion concentration was higher in the shoot than the 
roots. The obtained results of type-I sodium ion-selective electrode and potassium ion-selective 
electrode were compared with the inductive coupled plasma atomic emission spectrophotometry 
(ICP-AES) method (Table 1).  
 
Chapter-4: Microfabricated Clark-type oxygen electrode for developing a sustainable agriculture 
system for the rice plant 
There are numerous types of miniature Clark-type oxygen electrodes have been proposed due to 
the development of semiconductor and micromachining techniques in the last two decades [16–26]. 
The Clark-type oxygen electrode has been used in clinical analysis, fermentation monitoring, 
Table 1. The comparative study between type-I ISE with the ICP-AES 
method. The blue color for the type-I sodium ion-selective electrode and 
the red color for the type-I potassium ion-selective electrode. 
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Fig. 9 The characterization of the oxygen electrode. (a) the cyclic voltammogram of the bare 
platinum electrode. The response profile of the (b) type-I, and (c) type-II oxygen electrode at the 
air state to the Na2SO3 saturated state. The applied voltage is -0.8 V. 
scientific research, food industry and development of biosensor [27]. But these techniques have less 
studied in the field of the plant research. Also, the the oxygen electrode is too much expensive. To 
solve these problems, a simple inexpensive disposable needle-type oxygen electrode were developed 
in this study.  
 The structure of the type-I and type-II 
oxygen electrode are shown in Fig. 8. To 
fabricate the type-I oxygen electrode, an 
electrolyte layer was formed by using a 
75% PVP solution by dissolving PVP 
powder in a 0.1 M KCl solution. Next, a 
66% PVC solution was used to make the 
reservoir for the electrolyte layer. A 66% 
PVC solution was prepared by dissolving 
PVC powder with THF solvent. After 
forming the reservoir, the end of the 
electrode was cut using a scissor. The cut 
end of the electrode was inserted in the 
silicone adhesive to form the oxygen 
permeable membrane.  
Depending on the measurement, the 
syringe needle-type (type-II) oxygen 
electrode was fabricated. The structure of 
the type-II oxygen electrode is shown in 
the Fig. 8b. It has composed of a 1.2 mm 
diameter shape of the syringe needle, 
needle chamber, and sharp end of the 
needle, cathode, anode, electrolyte solution 
and oxygen-permeable membrane. In 
forming an oxygen permeable membrane, 
the sharp end of the syringe needle was 
inserted in the silicone adhesive. To 
complete the oxygen electrode, a 0.1 M KCl 
solution was introduced within the needle 
chamber by using the vacuum desiccator due to the narrower diameter shape of the syringe needle. 
The electrodes were introduced within the needle chamber using a forceps. 
Cyclic voltammograms of the bare platinum electrode was taken in a 0.1 M KCl solution. Fig. 
9(a) shows a typical cyclic voltammogram of oxygen reduction occurring in a miniature Clark-type 
oxygen electrode. The limiting current for oxygen reduction is observed to indicate that the 
reduction current measured in the region can be used to estimate the oxygen concentration. The 
                                                                                        
Fig. 8. The structure of the needle-type oxygen 
electrodes. (a) The top view of the type-I oxygen 
electrode. (b) the structure of the type-II oxygen 
electrode. (c) a 1.2 mm diameter shape of the 
syringe needle. 
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stability of the both types of the oxygen electrodes was also checked in an air saturated buffer 
solution at 25ºC. for 2 h. The current was gradually drifted in negative direction to ensure the 
longer life time of the electrodes.  
The response profile of the oxygen electrodes was obtained by changing the oxygen 
concentration between the 
air saturated state to and 
zero oxygen state. First, the 
type I or II electrode was 
immersed in distilled water 
to measure the stable 
current. Next, Na2SO3 was 
added, and the current was 
measured. A −0.8 V was 
applied to the cathode. 
Figures 9b and 9c show 
typical response curves of 
the type-I and type-II 
oxygen electrodes, 
respectively. Although the 
fabricated oxygen electrode 
is much smaller than 
commercialized 
conventional oxygen 
electrodes, it showed clear, 
stable, reproducible 
responses. The 90% 
response time was less than 
10 s for increasing changes 
and 50 s for decreasing changes. While conducting the experiments, however, an unnegligible 
residual current was detected. 
The type-I oxygen electrode was used to check dissolved oxygen level in the liquid and solid 
bacterial medium. Burkholderia vietnamiensis isolated from sweet potato was cultured in the 
medium that makes the liquid medium to solid medium. The electrode was inserted into the 
bacterial medium to record the current change at various depths of the medium. The largest 
current was recorded at the surface and the lowest current was recorded at the 4 mm depth. (Fig. 
10) 
The electrode was inserted to the soil that close to the root system. The electrodes were inserted 
into the several depths of 
the soil. With the increases 
of the depth of the soil, the 
measured current was 
decreased that indicated the 
level of the dissolved oxygen 
is decreased (Fig. 11).  
On the other hand, the 
type-II oxygen electrode was 
used to measure the 
dissolved oxygen level in 
live rice plants. Several 
locations were chosen in the 
stem of the live rice plant 
The locations were 
measured from the stem 
base. The current was 
            
Fig. 11 Measurement of the dissolved oxygen level in the rice 
plant. (a) The current changes was observed with the type-I 
oxygen electrodes at the various depth of the soil of the rice 
plant. (b) the type-II oxygen electrode was used to measure the 
current changes in the various locations of the stem of the live 
rice plant. 
 1  
               
Fig. 10 The measurement of the oxygen in the bacterial medium. 
(a) control liquid bacterial medium. (b) the measured current at 
various depth of the liquid bacterial medium. (c) the RS1 bacteria 
in the solid medium. (d) the measured current at the various 
depth of the solid bacterial medium. 
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measured in each location at the different depths of the stem. In case of the measured location, the 
1 cm location has shown the highest current level rather than the others. In case of the depth 
measurement, the surface has shown highest level of the oxygen rather than the 2-mm depth of 
the stem. The similar tendencies were observed in all location of the dissolved oxygen in the stem 
of the live rice plant.  
  
Chapter-5: Summary  
The microfabricated simple and low-cost ion-selective electrodes and the Clark-type oxygen 
electrodes have demonstrated in the chapter 2, 3 and 4. The all sensing device successfully 
fabricated and was used in the Welsh onion, rice plant, soil of the rice root, and the bacterial 
medium for identifying the analytes. The measured ion concentration within short time will reduce 
the time of the screening of the plant. Moreover, the measured oxygen concentration could be 
beneficial for making a co-relationship between the nitrogen fixing bacteria and the rice production 
system. The developed techniques could be helpful for developing a sustainable agriculture system 
in near future. 
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